Many volatile organic compounds (VOCs) are found in indoor environment as products of microbial metabolism. In damp indoor environments, fungi are associated with poor air quality. Some epidemiological studies have suggested that microbial VOCs have a negative impact on human health. Our study was designed to provide a reductionist approach toward studying fungal VOCmediated toxicity using the inexpensive model organism, Drosophila melanogaster, and pure chemical standards of several important fungal VOCs. Low concentrations of the following known fungal VOCs, 0.1% of 1-octen-3-ol and 0.5% of 2-octanone; 2,5 dimethylfuran; 3-octanol; and trans-2-octenal, caused locomotory defects and changes in green fluorescent protein (GFP)-and antigen-labeled dopaminergic neurons in adult D. melanogaster. Locomotory defects could be partially rescued with L-DOPA. Ingestion of the antioxidant, vitamin E, improved the survival span and delayed the VOC-mediated changes in dopaminergic neurons, indicating that the VOC-mediated toxicity was due, in part, to generation of reactive oxygen species.
. In this study, we focused on fungal volatile organic compounds (VOCs), another class of mold metabolites postulated to be associated with building related illness (Kondo et al., 2006; Mølhave, 2009; Saijo et al., 2004; Straus, 2009; Takigawa et al., 2009) . The toxicity of some fungal VOCs has been studied previously in rodent models, cultured cell lines, and, in a few cases, on human volunteers (Haynes et al., 2000; Körpi et al., 1999; Kreja and Seidel, 2002; Wålinder et al., 2008) . However, to our knowledge, no one has developed an inexpensive invertebrate system to study the toxic effects of fungal VOCs. Hence, our research is designed to provide a reductionist approach toward studying fungal VOC-mediated toxicity using the genetic model, Drosophila melanogaster.
Fungal VOCs fall into many chemical classes, including alcohols, aldehydes, acids, ethers, esters, ketones, hydrocarbons, terpenes, and sulfur compounds (Körpi et al., 2009 ). The C-8 VOC family is particularly characteristic of fungal metabolism, e.g., the common name of 1-octen-3-ol is ''mushroom alcohol'' (Combet et al., 2006) . As part of our reductionist approach, we used chemical standards of five fungal VOCs, 1-octen-3-ol (alcohol); 2-octanone (ketone); 2,5 dimethylfuran (ether); 3-octanol (alcohol); and trans-2-octenal (aldehyde), and delivered these VOCs in low doses in the range of concentrations reported in mold-infested buildings (Körpi et al., 2009) . The compounds were selected because they are commercially available. The first four VOCs, 1-octen-3-ol; 2-octanone; 2,5 dimethylfuran; and 3-octanol, are known to be produced by fungi isolated from contaminated building materials (Claeson et al., 2002; Fischer et al., 2008; Matysik et al., 2008; Sunesson et al., 1995 Sunesson et al., , 1996 , whereas trans-2-octenal (aldehyde) is a common VOC emitted by truffles (truffles are aromatic macrofungi that are valued in gourmet cooking) that is reported to cause toxic effects on Arabidopsis thaliana (Splivallo et al., 2007) .
Drosophila melanogaster has been used successfully to study the underlying mechanisms for the pathophysiology of several neurological and nonneurological human diseases (Arias, 2008; Beckingham et al., 2005; Nichols, 2006) . The developmental stages of Drosophila, namely embryo, larva, and adult, all have been implemented in testing using different modes of delivery, the toxicity of heavy metals, industrial VOCs, and anesthetic gases (Campbell and Nash, 1994; Rand, 2009; Wasserkort and Koller, 1997) . Putative toxicity of the agents can be assessed by well-established behavioral assays. Moreover, their neurotoxic impact can be visualized directly in nervous tissue via immunostaining and/or with genetically encoded fluorescent reporters, such as GFP/yellow fluorescent protein/red fluorescent protein (YFP/RFP) (Rand, 2009) . In this report, we describe a Drosophila model developed by us to study the putative neurotoxicity of selected fungal VOCs associated with molds found in buildings with moisture problems.
MATERIALS AND METHODS
Chemicals. All volatiles were chemical standards purchased in liquid form from Sigma-Aldrich, St Louis, MO. The compounds tested were 1-octen-3-ol (98%); 2-octanone (98%); 2,5 dimethylfuran (> 99%); 3-octanol (99%); and trans-2-octenal ( 94%). Dimethyl sulfoxide (DMSO, 99.9%) was used as a solvent to dissolve the VOCs and was purchased from VWR International. The concentrations used in this study are shown in Table 1 .
Drosophila strains and culture maintenance. Male y 1 ,w 1118 flies, a yellow body and white-eyed strain that carries otherwise wild-type genes, were used in the VOC toxicity, mobility, lipid peroxidation, L-DOPA, and vitamin E rescue experiments. For the confocal microscopy, transgenic reporter strains, TH-GAL4; UAS-eGFP and elav-GAL4; UAS-eGFP, were employed. The transgenic strains, UAS-2X eGFP (Chromosome II) and elav-GAL4, were obtained from Dr Venugopala Reddy (Waksman Institute, Rutgers, The State University of New Jersey, NJ), and a TH-GAL-4 strain (Friggi-Grelin et al., 2003) was obtained from Dr Janis O'Donnell (University of Alabama, Tuscaloosa, AL). All stocks were maintained on Ward's Instant Drosophila medium (blue), and all experiments were performed at 25°C.
Exposure experiments. Male y 1 ,w 1118 flies, 48-h posteclosion, were fed on filter paper saturated with 5% sucrose solution in a 35-cm 3 vial. A piece of cotton attached to the side of the vial was soaked with of 100 ll (liquid) of the appropriate concentration of the VOC to be tested. The VOC volatilized when exposed to the air in the vial. Each vial was sealed with paraffin film to prevent escape of the VOC being tested. Upon removal of paraffin film, the typical odor for each VOC was still detected. The ppm values (vol/vol) in Table 1 are calculated based on the volume of the sealed vials. For the survival study, the number of the dead flies was counted everyday for 7 days and the percent of total dead flies for 7 days was calculated for each replicate.
Mobility assay. The mobility of adult male flies was assessed using two negative geotaxis assays. In these experiments, flies were allowed to climb up the side of the vial after tapping the vial to bring flies down to the bottom of the vial. In one test, flies were exposed to VOCs for 24 or 48 h. The vials were opened and the viable individual flies were tested. The time taken by a single fly to cross 5 cm distance was recorded (Hirsch et al., 2009) . In another mobility test, flies were exposed to the VOCs for 48 h and the number of the live flies that climbed the 5 cm distance in 10 s was scored. Flies able to cross the 5 cm distance were scored as ''top,'' whereas others that stayed at the bottom or were unable to cross 5 cm distance were scored as ''bottom'' (Coulom and Birman, 2004) . The percent of the average number of flies that climbed to the top or bottom was calculated from the live flies for each replicate. In both mobility assays, readings for each replicate of the single-fly assay or the group-of-flies assay were taken three times sequentially with 1-min rest periods between each measurement and the average of the three trials was calculated for each replicate.
L-DOPA experiment. The role of dopamine was evaluated in VOCexposed flies using the precursor of dopamine, 3,4-dihydroxy-L-phenylalanine (L-DOPA), at the concentration of 1mM with 5% sucrose. L-DOPA feeding was initiated 48 h prior to the exposure of flies to VOCs and was continued throughout the exposure to VOCs. The negative geotaxis assay was performed to assess the effect of L-DOPA after 24 h of exposure to VOCs. The assay measured the time to cross 5 cm distance by flies fed with L-DOPA exposed to each VOC as compared with time required by the non-L-DOPA-fed flies exposed to each VOC. The readings for each replicate were taken three times sequentially with 1-min rest periods between each measurement, and the average of the three trials was calculated for each replicate.
Vitamin E experiment. Vitamin E (Sigma) was fed at the concentration of 1.5mM dissolved in DMSO and diluted in 5% sucrose where final concentration for DMSO was 0.5%. The antioxidant effect of vitamin E was assessed by its effect on life span and immunostaining for dopaminergic neurons. For the survival study, the number of the dead flies was counted everyday for 7 days and the percent of total dead flies for 7 days was calculated for each replicate.
Lipid peroxidation assay. The assay was performed using protocol described by Beuge and Aust (1978) . Extracts were prepared from whole flies that had been exposed to 1-octen-3-ol; 2,5 dimethylfuran; 2-octanone; 3-octanol; DMSO; and trans-2-octenal for 24 h by homogenizing them in 100 ll 0.1M sodium phosphate buffer (pH 7.4). After centrifugation for 10 min at 1000 3 g at 4°C, 1 ml of reagent TCA-TBA-HCL (15% wt/vol tricholoacetic acid; 0.375% wt/vol thiobarbituric acid; 0.25 N hydrochloric acid) was added to 500 ll of supernatant (whole-fly extract) and heated for 15 min in a boiling water bath. Malondialdehyde, the product of the lipid peroxidation reaction, was measured spectrophotometrically using a Beckman and Coulter DU 800 at 535 nm (Beuge and Aust, 1978) .
Confocal microscopy. Confocal microscopy experiments were performed using TH-Gal4; UAS-eGFP and elav-GAL4; UAS-eGFP flies generated by crossing TH-GAL4 and elav-GAL4 flies with UAS-eGFP, respectively, using the GAL4-UAS system (Brand and Perrimon, 1993) . The TH-Gal4; UAS-eGFP and elav-GAL4; UAS-eGFP transgenic lines monitor dopaminergic neurons and pan-neuronal expression, respectively (Chaudhuri et al., 2007; Friggi-Grelin et al., 2003) . Whole mounts of dissected brains from age-matched controls and VOC-exposed flies were examined for the number of GFP-expressing dopaminergic neurons. Each brain was scanned to include five to eight sections for optimum visualization. These Z-sections were then utilized to get the average of all sections using a Zeiss LSM 510 confocal microscope (Oberkochen, Germany). The number of dopaminergic neurons was scored directly under the microscope by visualizing GFP expression.
Immunostaining for dopaminergic and serotonergic neurons. On day 1, brains from y 1 ,w 1118 adults (VOCs exposed with and without vitamin E) were fixed in 4% paraformaldehyde for 3.5 h and washed in 13 phosphatebuffered saline (PBS) and then in 13 PBT (PBS-BSA [0.2% bovine serum . Brains were then blocked in 5% normal goat serum in PBT overnight. On day 2, brains were incubated with a 1:3000 dilution of rabbit anti-(Drosophila) tyrosine hydroxylase antiserum for 24 h (Neckameyer et al., 2001 ). On day 3, after additional washing with PBT, the brains were incubated at room temperature for 2 h in a 1:5000 dilution of Cy-3-conjugated goat anti-rabbit IgG (Abcam) and confocal microscopy was performed. The immunostaining for serotonergic neurons was performed using above protocol with 1:100 rabbit antiserotonin antiserum (Sigma) on y 1 ,w 1118 adult brains exposed to DMSO and VOCs.
Statistical analysis. All data were analyzed by one-way ANOVA with Dunnett's posttest assuming equal variances wherever applicable, using GraphPad Prism (San Diego, CA). Details are described in the figure legends.
RESULTS

Exposure to Standard VOCs Causes Truncated Life Span
The 48-h old wild-type male flies were exposed to 2-octanone (0.5%); 2,5 dimethylfuran (0.5%) (DMF); 3-octanol (0.5%); trans-2-octenal (0.5%); and 1-octen-3-ol (0.1%). The percent viability was calculated at each day for 1 week ( Fig. 1) . By day 7, 100% of the flies exposed to 1-octen-3-ol were dead, whereas with 2-octanone; 2,5 DMF; 3-octanol; and trans-2-octenal, mortality was, respectively, 40, 35, 60, and 50%.
Exposure of Standard VOCs Causes Locomotory Defects in
Flies Upon addition of VOCs, flies displayed restlessness, lack of coordination as assessed by rapid mobility, and jumping with frequent falls along the walls of the vial. This stage was followed by sluggishness/slowness in movement or bradykinesia after 12-18 h of exposure. The slowness in movement was similar to that associated with Drosophila fly models for Parkinson's disease and suggested an affected dopamine system. Therefore, we performed mobility assays. In the first assay, the time to cross a 5 cm distance by a single fly was recorded for controls and VOC-treated adult flies after 24 h of exposure (Fig. 2 ). Flies treated with 1-octen-3-ol; 2-octenone; 3-octanol; and trans-2-octenal took significantly longer to cross the distance than controls. In the second assay, the number of the live flies that crawled a 5 cm distance in 10 s after 48 h of exposure to the VOCs was measured. Significant mobility defects were observed with all the VOCs tested; no mobility defects were detected in control flies exposed to DMSO compared with 5% sucrose-fed flies (Fig. 3) . The greatest mobility defect was observed with 0.1% 1-octen-3-ol, whereas the flies exposed to 2,5 DMF showed the mobility defect after 48 h of exposure, indicating that each VOC affects the mobility after different duration of the exposures.
Ingestion of Dopamine Precursor, L-DOPA, Partially
Rescues VOC-Induced Locomotory Defects
Ingestion of L-DOPA improved the defective mobility in flies exposed to 1-octen-3-ol; 2-octenone; 2,5 DMF; 3-octanol; and trans-2-octenal (Fig. 4) , whereas L-DOPA failed to show any effect on flies exposed to DMSO. Therefore, L-DOPA partially rescued the VOC-mediated locomotory defects.
Exposure of Standard VOCs Causes Loss of Dopaminergic Neurons
To further specify whether the dopamine system was involved in the locomotory defects and truncated life span, Wild-type flies were exposed to sucrose (control); DMSO (control); 1-octen-3-ol; 2-octanone; 2,5 dimethylfuran; 3-octanol; and trans-2-octenal at day 1. N ¼ 100-140 flies for each group. Data were collected every 24 h for each group for 7 days, and the percent of total dead flies from each replicate of 10 flies was used to calculate SEM. Values in the graph represent average of percent of dead flies of 10-14 replicates from two independent experiments. Error bars represent SEM, and the significant difference between DMSO-exposed and VOC-exposed groups calculated for day 7 is represented with **p < 0.005 and ***p < 0.001.
FIG. 2 Effect of VOCs detected by negative geotaxis assay performed on a single fly after 24 h of exposure to VOCs. The time for a single fly to cross 5 cm distance at 24 h after initiation of the exposure was recorded. Except for 2,5 dimethylfuran, all the VOCs induced locomotory defects in flies after 24 h of exposure. The live flies from each replicate were used for the assay (N ¼ 60-80 flies in each group). NS, not significant. Error bars represent SEM. The significant difference between DMSO-exposed and VOC-exposed groups is represented with *p < 0.05 and **p < 0.005.
we monitored the dopamine neurons using GFP expression driven by the TH promoter in TH-Gal4; UAS-eGFP transgenic adults (Friggi-Grelin et al., 2003) . Flies were exposed to 0.5% trans-2-octenal; 2-octanone; 2,5 DMF; and 3-octanol and 0.1% 1-octen-3-ol for 24 h. The brains were dissected and confocal microscopy was performed. The location and number of dopaminergic neurons on the posterior aspect of Drosophila brain is shown in Figure 5A . By 24 h, almost all the subgroups of the dopaminergic neurons exposed to VOCs show changes in the expression of GFP. The PPM2 subgroup was the most affected subgroup of dopaminergic neurons. Overall, the loss of GFP-labeled dopaminergic neurons was highest in the brains of the flies treated with trans-2-octenol, whereas the brains of the flies exposed to 2,5 DMF had the least change compared with controls (Fig. 5B) . However, based on the concentration used in this study, 0.1% 1-octen-3-ol might be considered the most toxic VOC among the tested VOCs. Based on the expression of GFP, the scoring of the number of dopaminergic neurons in VOC-treated brains relative to DMSO-treated brains was performed and indicates that VOCs differentially affect the different subgroups of dopaminergic neurons (Fig. 5C ). The results with GFP reporter for the VOC-induced loss of GFPlabeled dopaminergic neurons were further confirmed by performing immunostaining for Drosophila-specific tyrosine hydroxylase antibody (Neckameyer et al., 2001) . The decrease in the number of the dopaminergic neurons in the VOCexposed brains was observed when compared with those in DMSO-exposed brains ( Supplementary Figs. 1A, 1C, 1E , 1G, 1I, and 1K).
The effects of 36-h exposure of VOCs on brains expressing GFP driven by the pan-neuronal promoter elav are shown in Figure 5D . Even after 36 h of exposure of the VOCs, 12 h longer than that of TH-GAL4; UAS-eGFP flies, there was little or no difference in the expression of GFP-labeled neurons between VOC-exposed and DMSO-exposed brains. Furthermore, no significant difference was found between DMSO-treated and VOC-treated brains exposed to VOCs for 36 h when the scoring for serotonergic neurons (pmp, lp2, se 1, se 2, and se 3) was performed according to the reported location for serotonergic neurons (Sitaraman et al., 2008) (Fig. 5E ). In summary, these GFP expression data suggest that exposure to these VOCs could be considered more detrimental to dopaminergic neurons than to at least serotonergic neurons.
Exposure of Standard VOCs Induces Reactive Oxygen Species
Industrial VOC exposure has been associated with the generation of reactive oxygen species (ROS) (Bayil et al., 2008; Singh et al., 2009) . ROS cause lipid peroxidation, known to induce a cascade of effects leading to generation of toxic products (Niki, 2009 ). In comparison with DMSOexposed flies, the flies exposed to VOCs showed a 1.5-to twofold increase in the lipid peroxidation/malondialdehyde level (Fig. 6) , suggesting that lipid peroxidation production via generation of ROS may be associated with toxicity for these VOCs. Both 2-octanone and trans-2-octenal induced a greater response than 1-octen-3-ol.
FIG. 3
Effect of VOCs detected by negative geotaxis assay performed on the group of flies after 48 h of exposure to VOCs. The percent of number of flies crossed 5 cm distance of vial in 10 s were labeled as ''top,'' whereas the ones that were unable to do so were labeled ''bottom'' (N ¼ 50-80 flies in each group). Error bars represent SEM and the significant difference between DMSO-exposed and VOC-exposed groups with *p < 0.05, **p < 0.005, and ***p < 0.001.
FIG. 4
Effect of L-DOPA on VOC-exposed flies on a single fly by negative geotaxis assay. The time required by 10 flies fed with 1mM L-DOPA to cross 5 cm distance at 48 h after initiation of the exposure of VOCs in males was recorded and compared with flies fed with only sucrose. The number of the live flies was used for the assay (N ¼ 60-100 flies in each group, from two independent experiments). NS, not significant. Error bars represent SEM, and the significant difference between L-DOPA-fed and sucrose-fed groups exposed to VOCs is represented with **p < 0.005 and ***p < 0.001. 
NEUROTOXICITY OF FUNGAL VOLATILE ORGANIC COMPOUNDS
Ingestion of Alpha-Tocopherol (vitamin E) Improves the VOC-Mediated Truncation of Life Span and VOC-Induced Changes in Dopaminergic Neurons
Vitamin E is a potent antioxidant and has been reported to counteract the generation of ROS in various disease conditions, including neurodegenerative disease (Ricciarelli et al., 2007; Wolf et al., 1998) . Upon feeding of 1.5mM of vitamin E along with 1-octen-3-ol; 2-octenone; 2,5 DMF; 3-octanol; and trans-2-octenal, an improvement in the survival duration was observed (Figs. 7A and 7B ). To determine whether changes in dopaminergic neurons in response to 24-h VOC exposure are mediated by oxidative stress, we scored the dopaminergic neurons using Drosophila-specific TH antibody. The significant difference in the number of subgroups of dopaminergic neurons between VOC-exposed brains treated with and without vitamin E was observed. For simplicity and ease of presenting data, we combined the dopaminergic subgroups, PPM1/2/3 and PPL1/2. In summary, ingestion of vitamin E delayed the loss of dopaminergic neurons associated with 24 h of exposure to VOCs ( Fig. 7C; Supplementary Figs. 1B, 1D , 1F, 1H, 1J, and 1L).
DISCUSSION
To our knowledge, this study is the first to examine the potential neurotoxicity of fungal VOCs in an invertebrate model. Exposure of flies to 1-octen-3-ol; 2,5 dimethylfuran; 2-octanone; 3-octanol; and trans-2-octenal induced truncated life span, locomotory defects, and selective changes in GFPand antigen-labeled dopaminergic neurons. The increase in the levels of lipid peroxidation suggests that these toxic effects are mediated partially via oxidative stress. When VOC-exposed flies were fed the antioxidant, vitamin E, survival was improved and VOC-induced changes in the dopaminergic neurons were mitigated.
Eight-carbon volatiles are a characteristic product of fungal metabolism and are responsible for the distinctive odors associated with molds, mushrooms, and certain mold-ripened cheeses. They are products of the oxidation and cleavage of linoleic acid and exist in a range of derivatives, positional isomers, and stereochemical variants. Some function as signaling agents in insect attraction and deterrence (Combet et al., 2006) . In addition, some limited analyses of their toxicological effects, mostly in reference to indoor air quality, have been conducted in cell cultures and human volunteers (Kreja and Seidel, 2002; Wålinder et al., 2008) . Using a murine model, Körpi et al. (1999) determined the RD 50 (the concentration of a chemical inducing a 50% decrease in the respiratory rate of mice) for 1-octen-3-ol as 182 mg/m 3 (34.8 ppm) and for 3-octanol as 1359 mg/m 3 (259.6 ppm). Using a colony formation assay (CFA) and two colorimetric tests, the methylene blue (MB assay) and the MTT assay [3(4, 5-dimethylthiazol-2-yl)], in a human lung carcinoma cell line system, Kreja and Seidel (2002) tested the potential cytotoxicity of 1-octen-3-ol, 3-octanol, and 3-octanone. All three compounds were cytotoxic in comparison with DMSO in the CFA, MB, and MTT assays, with the alcohols, 1-octen-3-ol and 3-octanol, showing the greatest effect in the assays (Kreja and Seidel, 2002) . In a mouse alveolar macrophage cell line (RAW 264.7), trans-2-octenal (~100lM) caused growth inhibition and apoptosis (Haynes et al., 2000) .
FIG. 6
Effect of VOCs detected by measuring levels of lipid peroxidation after 24 h of exposure to VOCs. The increased level of malondialdehyde was determined in each of the tested VOCs by performing lipid peroxidation assay on the male flies. NS, not significant. Error bars represent the SEM. The significance difference between DMSO and individual VOCs is represented by *p < 0.05 and **p < 0.005. The experiments were done on four to six replicates of 10 flies each. each subgroup from TH-GAL4; UAS-eGFP adult brains, treated with 1-octen-3-ol; 2-octanone; 2,5 DMF; 3-octanol; and trans-2-octenal. Each subgroup of dopaminergic neurons was affected by 24 h of treatment where the PPM2 subgroup showed the highest sensitivity toward all the VOCs by 24 h. Error bars represent the SEM. The significance difference between DMSO and individual VOC is represented with *p < 0.05. (D) The exposure of VOCs, 1-octen-3-ol; 2-octanone; 2,5 DMF; 3-octanol; and trans-2-octenal, on elav-GAL4; UAS-eGFP adult brains failed to cause changes in GFP expression of pan-neuronal population relative to DMSO-treated brains (N ¼ 8-10). (E) The average number of neurons in subgroups of serotonergic neurons (pmp, lp2, se 1, se 2, and se 3) in adult brains exposed to VOCs, 1-octen-3-ol; 2-octanone; 2,5 DMF; 3-octanol; and trans-2-octenal, on y 1 ,w 1118 brains failed to cause changes in serotonergic neurons relative to DMSO-exposed brains (N ¼ 12-14, for each VOC). For simplicity, data were combined for pmp and lp2 and for se 1/2/3 subgroups of serotonergic neurons. Error bars represent the SEM. NS, not significant.
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In rats, treatment of 400 mg/kg/day of 2-octanone for 21 weeks did not induce signs of peripheral neuropathy; however, formation of intermediate metabolites of 2-octanone, aliphatic diketone, and 2-hydroxy-5-octanone was proposed to be neurotoxic (Misumi and Nagano, 1984) . Furthermore, the human sensory irritation potency of 2-octanone was seven times higher than 3-octanone (Körpi et al., 1999) . Human volunteers, who were exposed to 1-octen-3-ol for 2 h at a concentration of 10 mg/m 3 (1.9 ppm), experienced eye irritation, increased blinking, mild headache, and nausea. In addition, subjects reported upper airways involvements with increases in inflammatory markers, eosinophil cationic protein, myeloperoxidase, lysozyme, and albumin in the nasal secretions (Wålinder et al., 2008) .
As well as being a mold metabolite, 2,5 dimethylfuran is commonly found in human breath and as a by-product of cigarette smoke (Gordon et al., 2002) . In cultured rat Schwann cells, 2,5 dimethylfuran is a potent cytotoxic agent as assessed with IC 50 (the concentration of a chemical required to cause cell death to 50% of control) (Kamijima et al., 1996) .
All the VOCs we tested in this study caused dramatic behavioral responses in Drosophila as evident by transient restlessness, frequent jumping, and slowness of movement after 12-18 h of exposure. Using lethality as the end point for the toxicity, 0.1% 1-octen-3-ol, of all the chemicals tested, induced the most severe behavioral toxicity and truncated life span. The altered behavioral responses including sluggish locomotion also have been reported in flies exposed to aromatic hydrocarbons (Singh et al., 2009; Wasserkort and Koller, 1997) .
In flies, locomotion behavior involves multiple neurotransmitters, including dopamine (Jordan et al., 2006) . VOCs tested in this study might have compromised nonneuronal regions to cause locomotory defects in flies. Some organic solvents such as toluene, carbon disulfide, n-hexane, trichloroethylene, and methyl alcohol are suggested to be toxic to the dopaminergic system and are associated with parkinsonian-like symptoms in human and animal models (Gralewicz and Dyzma, 2005) . In our study, rescue of locomotory defects by L-DOPA suggests the involvement of dopamine in fungal VOC-mediated toxicity. The neurological findings in the humans exposed to molds, mycotoxins, and water-damaged buildings have also been reported to be similar to known neurologic disorders, including Parkinson's disease (Empting, 2009 ). In a case-controlled study of human populations, adverse neurological effects upon exposure to molds have been reported (Kilburn, 2009) .
Drosophila possesses about 200 dopaminergic neurons arranged in subgroups that can be visualized by driving expression of GFP in dopaminergic neurons using the GAL4-UAS system (Brand and Perrimon, 1993; Friggi-Grelin et al., 2003) . We used the GFP reporter system, and based on the expression of GFP, we quantified neuron loss in each subgroup of dopaminergic neurons on the posterior aspect (Chaudhuri et al., 2007; Coulom and Birman, 2004) . Upon exposure to 1-octen-3-ol; 2,5 dimethylfuran; 2-octanone; 3-octanol; and trans-2-octenal, loss of expression of GFP-labeled dopaminergic neurons was observed in our studies. In order to corroborate the GFP expression data, we further used Drosophila-specific antityrosine hydroxylase antibody to detect the changes in the dopaminergic neurons by VOCs. Although it is FIG. 7 Effect of vitamin E on survival duration of flies exposed to VOCs. (A) Ingestion of vitamin E improves the survival of 1-octen-3-ol-and 2-octenoneexposed adult males. (B) Ingestion of vitamin E improves the survival of 2,5 dimethylfuran-; 3-octanol-; and trans-2-octenal-exposed adult males. (N ¼ 80-120 flies in each group). Data were collected every 24 h for each group for 7 days and the percent total dead flies at day 7 from each replicate of 10 flies was used to calculate SEM. Values in the graph represent average percent of the dead flies from 8 to 12 replicates from two independent experiments. Error bars represent SEM. The significance difference between individual VOC without vitamin E and individual VOCs with vitamin E calculated for day 7 is represented by *p < 0.05 and **p < 0.005 for (A) and (B). (C) The average number of dopaminergic neuron stained with Drosophila-specific anti-TH antibody in subgroups of PPM1/2/3 and PPL1/2 in adult brains, treated with 1-octen-3-ol; 2-octanone; 2,5 DMF; 3-octanol; and trans-2-octenal without and with vitamin E. (N ¼ 22-30 brains) . For simplicity, data were combined for PPM1/2/3 and PPL1/2 subgroups of dopaminergic neurons. Error bars represent SEM. The significance differences between subgroups of PPM1/2/3 without and with vitamin E is represented by *p < 0.05, and the significance differences between subgroups of PPL1/2 without and with vitamin E are represented by #p < 0.05.
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INAMDAR, MASUREKAR, AND BENNETT not possible to determine the VOC-induced toxicity in every neuron, with use of GFP-driven pan-neuronal driver, elav and antiserotonin immunostaining, no significant difference between the DMSO-exposed and VOC-exposed brains was detected. These data may suggest the possibility that the VOCs we tested are not detrimental to the majority of central nervous system neurons (Figs. 5D and 5E) .
Elevation of lipid peroxidation/malondialdehyde and superoxide dismutase levels was reported in the serum and erythrocytes of textile workers exposed to solvents used in textile paints indicating the stimulation of an antioxidant response against ROS-induced oxidative stress (Bayil et al., 2008) . In Arabidopsis seedlings, Splivallo et al. (2007) detected an increase in enzymatic activity of hydrogen peroxide production by exposure to 1-octen-3-ol and trans-2-octenal, suggesting that these fungal C-8 compounds induce oxidative stress in plants. Moreover, Singh et al. (2009) detected dose-dependent increase in lipid peroxidation/malondialdehyde upon ingestion of benzene, toluene, and xylene in Drosophila larval tissues. In our study, oxidative stress was measured using a lipid peroxidation assay based on the formation of malondialdehyde (Beuge and Aust, 1978) . Trans-2-octenal and 2-octanone were associated with the highest generation of lipid peroxidation, whereas 1-octen-3-ol yielded the greatest toxicity and loss of GFP-labeled dopaminergic neurons. Hence, the detected level of lipid peroxidation was not proportional to the behavioral toxic responses we observed, indicating involvement of other toxic mechanisms, stimulation of antioxidant pathways to counteract elevated oxidative stress, or a combination of effects.
The oxidation of lipids or lipid peroxidation involves free radical chain mechanisms. Alpha-tocopherol (vitamin E), a lipidsoluble antioxidant because of presence of a phenolic ring, scavenges peroxyl radicals and interrupts the chain propogation (Niki, 1987) . In our studies, vitamin E mitigated VOCassociated loss of dopaminergic neurons, suggesting that VOC-induced toxicity is associated with oxidative stress. Wang et al. (2006) have shown that vitamin E had similar ameliorative effects in a Drosophila model of Parkinson's disease.
In summary, several VOCs commonly emitted by fungi affect dopaminergic neurons in Drosophila and may provide insights into neurological health problems associated with damp indoor environments as discussed by Kilburn (2009) 
